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Tight binding density functional theory was used to investigate the effects of a water environment on the
interaction of amino-acids with a single wall carbon nanotube (SWCNT). We selected four amino acids
(Gly, Ser, Arg, and Ile) according to their polarity and hydrophobicity indexes. The changes in the bond
distances, in vacuum and water, are seen to be directly related to the amino acids hydrophobicities.
The variations in binding energies are seen to be greater for non-polar amino acids. The interaction of
the neutral and zwitterionic forms of Gly with the SWCNT in water were also analyzed and discussed.
 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Since the work of Iijima [1], an enormous number of studies
involving CNTs have shown that these amazing systems can have
applications in many different areas [2–5]. In particular, a great
interest exists in using CNTs for biological applications, where
one looks for the functionalization of the CNTs for drug transport
and delivery as well as for sensors of speciﬁc molecules inside
the living organisms, including humans.
Among the biological macromolecules, a great interest is
reserved to the study of proteins. They are the organic macromole-
cules most present within the cellular environment and are respon-
sible for many different cell functions. Proteins are composed by
combinations of 20 amino acids. Hence, the understanding of the
interactions between amino acids and CNTs is of great importance
and has been pursued by several groups [6–15]. Pulikkathara and
Khabashesku [6] have been able to covalently attachdifferent amino
acids on ﬂuorinated singlewall carbon nanotubes (SWCNTs) and re-
ported that terminal hydrophilic carboxyl groups confer an en-
hanced solubility to the CNTs in polar solvents, particularly in
water. Zhong et al. [7] used X-ray absorption near edge structure
(XANES) to conﬁrm the adsorption of Gly and Phe in SWCNTs.Wang
et al. [8] used the phage display technique to study the selective
afﬁnity of peptides with CNTs, and recognized that motifs rich in
His andTrp formconsensusbinding sequences. Romanet al. [9] used
ab initio density functional theory (DFT) to investigate the adsorp-
tion of Gly, His, Phe, and Cys on graphite and a (3,3) SWCNT. The
authors report a weak binding of the amino acids with both
substrates. Mavrandonakis et al. [10] performed DFT calculations
to investigate the interaction of the Gly radical with armchair and
zigzag CNTs. They found that the N-centred radical form stable.
sevier OA license.complexes with CNTs (as compared to the dissociation products),
whereas the C-centred radicals does not. de Leon et al. [11] have
calculated the interaction of the 20 amino acids with a (10,0) CNT,
and showed that the most stable complexes are formed between
the CNT and Arg, Cys and Lys. Carneiro et al. [12] use ab initio
calculations to study the interaction of Ala with pristine and car-
boxyl-functionalized CNTs. They found stronger bonds when the
interaction occur via the amine group of Ala. The interaction of the
aromatic amino acids with graphene and a (5,5) CNT has been stud-
ied by Rajesh et al. [13]. The authors show that the aromatic rings
prefer to align parallelly to the surface of the graphene sheet and
CNT, forming weak p–p interactions. Ganji [14] employed density
functional tight binding calculations to study the adsorption of neu-
tral and zwitterionic Gly, Phe, His, and Cys on (10,0) CNTs, and
showed that the zwitterion forms adsorb strongly with a structural
preference to interact through the aminonitrogen group. The author
also showed that both forms of Gly release a CO2molecule upon the
interaction with the CNT. Vardanega and Picaud [15] calculated the
energetics and resonance frequencies of encapsulated and adsorbed
amino acids (Ala, Asp, and Glu) on selected CNTs. The authors show
that the encapsulation is favored, and that the resonance frequen-
cies can be used to detect the encapsulation of the amino acids.
A common feature of these previous theoretical works is that
they consider the vacuum as the simulation environment. How-
ever, the interaction of biomolecules with a CNT will most likely
occur in the presence of a solvent, particularly water. CNTs are
known to be hydrophobic, whereas the amino acids can have side
chains with different characteristics as polarity, hydrophobicity,
and charge states. These features will certainly interfere in the
interaction between amino acids and CNTs when an explicit polar
environment as water is considered. Classical molecular dynamics
simulations are usually employed to study biological systems
involving a huge number of atoms in solvents. Cheng et al. [16]
used classical molecular dynamics simulations to study CNT-based
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Figure 1. Calculated radial distribution function, G (r), of the water molecules
around a (8,0) SWCNT as a function of the radial distance to the centre of the
SWCNT, d (Å). The arrows indicate the three identiﬁed solvation layers. The insert
shows a snapshot of the unit cell of the system. The tail in the distribution function
corresponds to the molecules at the corners of the unit cell.
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from the inside of a big CNT host when a smaller CNT is introduced
in the interior of the bigger CNT. Abadir et al. [17] studied the po-
tential of CNTs as biosensors by performing classical molecular
dynamics simulations of the interaction of Ile and Asn amino acids
with a CNT in a water environment. They showed that the adsorp-
tion of single amino acids cause signiﬁcant and distinct changes in
the local density of states of the CNTs. Liu et al. [18] used molecular
dynamics simulations to study the self-insertion of peptides into
CNTs into a water environment. They argued that electrostatic
and van der Waals interactions play crucial roles in the self-inser-
tion process, and showed a relationship between the propensity of
the peptide to self-insert into the CNT and its hydrophobicity.
In this work we investigated the interaction between selected
amino acids (Gly, Ser, Ile, Arg) and a (8,0) SWCNT both in the ab-
sence (vacuum) and in the presence of a water environment. The
amino acids have been selected according to their hydrophobicities
and polarities, in order to verify the inﬂuence of these properties in
the interactions with the SWCNT. The interacting systems have
been treated quantum mechanically, through a molecular dynam-
ics density functional tight binding approach. Our results show
that the presence of water changes the equilibrium distances and
binding energies of the amino acids–SWCNT complexes, and that
these variations can be related to the hydrophobicities and polari-
ties of the amino acids. The employed methodology is described in
Section 2. The results are presented and discussed in Section 3,
with our conclusions presented in Section 4.
2. Methodology
We have used the self-consistent-charge density-functional
tight-binding (SCC-DFTB) approach, as implemented in the
DFTB + code [19,20]. This method approximates the Kohn–Sham
energy functional by a second order expansion on the charge den-
sity ﬂuctuations around a reference density. The van der Waals
interaction is treated through the Slater-Kirkwood dispersion mod-
el [21]. The total energy in the SCC-DFTB approach can be written
as
E ¼
Xocc
i
hwi j H0 j wii þ
1
2
X
ab
ca;bDqaDqb þ Erep þ Edis; ð1Þ
where hH0i is the effective Kohn–Sham energy calculated at the ref-
erence density, Dqx is the net Mulliken charge at site x; ca;b is a func-
tion depending on the distance between atoms a and b and on the
Hubbard parameters Ua and Ub, and Erep represents higher order
terms of the expansion on the charge density ﬂuctuations, which
is written as a sum of pairwise repulsive potentials, adjusted to
DFT calculations. Edis represents the van der Waals interaction.
The self-consistent-charge equations are obtained by applying
the variational principle on (1), where the Kohn–Sham orbitals,
wi, are written in terms of appropriate localized atomic orbitals.
This approach has been successfully applied to crystals, clusters,
and biological molecules [22–24].
The tetragonal supercells for all studied systems have 25 Å in
directions perpendicular to the tube axis and 12.77 Å along the axis
direction, which corresponds to three unit cells of the (8, 0) CNT,
whose optimized diameter is 6.27 Å. The Brillouin zone was sam-
pled with three k-points along [25] the axis direction, giving a total
energy convergence within 5 meV. These cell dimensions were en-
ough to eliminate the interactions between amino acids in neigh-
bouring cells. It also enabled us to introduce three solvation
layers around the SWCNT, and study the amino acids–SWCNT
interaction until a mutual separation of 4.0 Å. The identiﬁcation
of the solvation layers has been made through the calculation of
the radial distribution function, see Figure 1, which leads to a totalof 208 water molecules within the unit cell. This number of water
molecules reproduces the water density at room temperature in
the volume effectively occupied by water inside the unit cell,
which was considered as the one obtained from the difference be-
tween the volume of the whole unit cell and the one occupied by
the SWCNT plus an exclusion layer around it.
Molecular dynamics simulations have been performed in a NVT
ensemble at 300 K [26]. The forces on the atoms are calculated by
taking the derivatives of the total energy in Eq. (1), the Newtonian
equations of motion are integrated using the Verlet algorithm with
an integration time step of 0.75 fs.
An analysis of the total energy showed that the studied systems
reach thermalization after 2000 steps. After this thermalization
period, representative conﬁgurations of the evolving systems were
picked up at each 200 steps, which were seen to be enough to en-
sure that the average time correlation function vanished. The sys-
tems evolved for a total of 1000 steps after the thermalization
period, or 0.75 ps. At the end, a total of four different conﬁgura-
tions of each studied system have been collected for each molecu-
lar dynamics run. The properties of the systems are then calculated
as averages over these four uncorrelated conﬁgurations.3. Results and discussion
To start with, we have checked the accuracy of the tight-binding
structural results for the amino acids against the predictions ob-
tained from ﬁrst principles DFT calculations [27], in vacuum. The
ﬁrst principles calculations were performed using the hybrid
B3LYP exchange and correlation functional [28,29] and the 6-
31G+(d,p) basis set [30,31]. The greater deviations observed for
the bond stretching and bend angles are around 4%, with turn us
conﬁdent in the tight binding structural results. Checks of the tight
binding results, against ab initio calculations [32], for the lattice
constant as well as the band structure and band gap of the (8,0)
SWCNT were also performed. These ab initio calculations for the
SWCNT were done using the GGA/PBE approximation to the ex-
change and correlation functional [33], a double zeta plus polariza-
tion numerical basis set, and norm conserving pseudopotentials
[34]. The lattice constants obtained from the tight binding and ab
initio calculations are 4.32 and 4.35 Å, respectively, differing by
less than 1%. The tight binding direct band gap at the C point is
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standard ab initio and more sophisticated GW [35] calculations
are 0.6 and 1.75 eV, respectively. An inspection on the band struc-
ture dispersion shows a good agreement between the tight binding
and ab initio results, mainly for the valence band.
The effects of the explicit solvent on the amino acids–SWCNT
interaction have been studied by analysing the variations of both
the binding energies and the bond distances between two distinct
situations: in vacuum and in the presence of a water environment.
At the beginning, it is important to recognize that these interac-
tions will depend on (i) the orientation of the amino acids rela-
tively to the SWCNT surface, and on (ii) the site of the SWCNT
surface on which the amino acids will approach.
Concerning the amino acids orientation,wehave chosen the ami-
no acids conﬁgurations in which the nitrogen atom of the amine
group is the closest to the SWCNT surface. This is done for two rea-
sons: (i) the amine as well as the carboxyl groups are common to all
amino acids, therefore allowing more reasonable comparisons be-
tween results of the interaction of the SWCNT with different amino
acids, and (ii) it was previously shown [12] that the amino acid–
SWCNT interaction in vacuum is energetically more favourable
when the amino acids approach the tube through the amine termi-
nal. On the other hand, our calculations for the interaction of the Gly
and Ser amino acids with the CNT in vacuum, where the nitrogen
atomof the aminegroupapproaches theCNT through threedifferent
sites (the top of an atom, the centre of a hexagon, over a C–C bond-
ing), show that there is no clear energetic preference for any repre-
sentative site on the CNT surface, see Table 1. We have then
arbitrarily chosen only one of them, the centre of a hexagon, as the
one for which our study is performed.
The binding energies for both environments, vacuum and water,
have been calculated at seven different separation distances, d
(2.0 < d < 4.0), between the N atom of the amine group in the ami-
no acids and a hollow site, directly below the N atom, at the
SWCNT surface. For each separation distance, the positions of the
N atom in the amino acid and the six C atoms at the hexagon
around the hollow centre of the SWCNT are kept ﬁxed during the
simulations. After the thermalization process, the system evolves
during 1000 steps and four non-correlated conﬁgurations are se-
lected from these dynamical simulations. A static total energy cal-
culation is then performed for these selected conﬁgurations. The
total energy values attributed for each one of these seven separa-
tion distances is the average value obtained from these four total
energies of the respective non-correlated conﬁgurations.
The binding energies for the systems in vacuum can be obtained
asETþAb;v ¼ ETþAt;v  ETt;v  EAt;v ; ð2Þwhere T and A represent the SWCNT and the amino acids, respec-
tively. EXt;v and E
X
b;v are the total and binding energies of system X
in vacuum, respectively. The subscript vmeans that the calculations
are performed in vacuum.Table 1
Calculated binding energies (in eV), Eb , and equilibrium distances (in Å, within
parentheses), deq , for the interaction between amino acids Gly and Ser and a (8, 0)
SWCNT in vacuum, where the N atom in the amine group of the amino acids is the
closest to the SWCNT surface.
Site Eb ðdeqÞ
Gly Ser
Top 0.33 (2.91) 0.32 (2.71)
Bridge 0.32 (2.94) 0.26 (2.76)
Hollow 0.29 (3.30) 0.35 (3.08)For the calculation of the amino acids–SWCNT binding energies
in water, it is necessary to subtract the total energies from the iso-
lated systems (in vacuum), but it is also necessary to subtract the
binding energies of the interacting sub-systems, namely,
SWCNT–(H2O)n and amino acid–(H2O)n, where (H2O)n represents
the water environment. The formula for the binding energy of
the amino acid–SWCNT system in water is then given by:
ETþAb;w ¼ ETþAþWt;w  ETt;w  EAt;w  EWt;w  ETþWb;w  EAþHb;w ; ð3Þ
where the subscript w and the superscript W mean that the calcu-
lations are performed in a water environment.
The last two terms in Eq. (3) can still be written as:
ETþWb;w ¼ ETþWt;w  ETt;v  EWt;w
EAþWb;w ¼ EAþWt;w  EAt;v  EWt;w:
ð4Þ
The binding energies calculated in Eq. (4) are referred to the
particular conﬁgurations that the water molecules assume at each
considered amino acid–SWCNT separation distance, i.e., for each of
the selected conﬁgurations of the evolving SWCNT + amino
acid + (H2O)n systems we calculated the E
TþW
b;w by extracting the
amino acid molecule from the unit cell and performing a static to-
tal energy calculation. The same procedure is applied to calculate
EAþWb;w .
The substitution in Eq. (3) of the formulas for ETþWb;w and E
AþW
b;w in
Eq. (4), leads ﬁnally to
ETþAb;w ¼ ETþAþWt;w  ETþWt;w  EAþWt;w þ EWt;w: ð5Þ
The last term in Eq. (5) is determined by a static total energy
calculation in a SWCNT + amino acid + (H2O)n system where the
atoms of the SWCNT and the amino acid are extracted.
The binding energies, as a function of the separation distance,
for the four studied amino acids with the (8,0) SWCNT are showed
on Figure 2 for both vacuum and water environments. As can be
seen from this ﬁgure, the resulting water exclusion layers around
the (8,0) SWCNT differ for each amino acid, varying between 2.7
and 3.1 Å, approximately. The circles and squares at this ﬁgure rep-
resent the calculated values, while the solid lines are obtained by
ﬁtting these values by a Morse potential [36]. The values obtained
from the Morse ﬁttings for the binding energies and equilibrium
distances are shown in Table 2. The percentage variation of the
binding energies and equilibrium distances when going from the
vacuum to a water environment are also shown in Table 2.
We should point out that the sampling considered for the calcu-
lation of the total energy values for each separation distance be-
tween the amino acids and the SWCNT is small. Longer molecular
dynamics simulations would allow better statistical samples to be
obtained. It is reasonable to expect that, once the sampling is en-
larged, the deviations between the calculated points and the Morse
ﬁttings would be smaller. To signiﬁcantly enhance the sampling,
however, would require a much greater computational effort.
Henceforth our discussion will be based on the results extracted
from the Morse ﬁttings in Figure 2.
It can be observed from Table 2 that the effects of the water
environment is greater for amino acids Arg and Ile, whereas Gly
is the less inﬂuenced. By looking at the hydrophobicity indexes
(h) of these amino acids [37], 4.5 for Arg, 0.8 for Ser, 0.4 for
Gly and 4.5 for Ile, one can see that there is a direct relationship be-
tween the variation in the equilibrium distances and the hydro-
phobicity index. This relationship is showed in Figure 3. For Arg,
the most hydrophilic of the studied amino acids, the equilibrium
distance increases signiﬁcant 5.92%, from 2.87 to 3.04 Å, pushing
the whole amino acid into the water. For the cases of Ser and
Gly, both weakly hydrophilic, the percentage increase in the
equilibrium distances are much smaller, being 1.54% and 1.31%,
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Figure 2. Calculated binding energy curves as a function of the separation distance, d (Å), between the (8,0) SWCNT and the (a) Arg, (b) Ser, (c) Gly, and (d) Ile amino acids.
The ﬁlled circles (red) and squares (black) represent the values for the SWCNT + amino acid systems in vacuum and water, respectively. The white and darker parts in the
ﬁgures represent the exclusion layer and the region occupied by water, respectively. The SWCNT surface is at 2.0 Å. The solid curves represent the ﬁtting of the calculated
points by a Morse potential. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this Letter.)
Table 2
Calculated binding energies, Eb (in eV), and equilibrium distances, deq (in Å), in vacuum and water, as well as their respective percentage variations for the interaction of the (8,0)
SWCNT with the Arg, Ser, Gly, and Ile amino acids. The root mean square deviation of the calculated binding energies for the whole ﬁtting procedure by a Morse potential is also
shown, in parentheses.
Amino acid Eb DEbð%Þ deq Ddeqð%Þ
Vacuum Water Vacuum Water
Arg 0.237 (±0.003) 0.220 (±0.003) 6.92 2.87 3.04 5.92
Ser 0.181 (±0.001) 0.178 (±0.009) 1.77 3.18 3.23 1.54
Gly 0.197 (±0.010) 0.173 (±0.003) 12.01 3.01 3.05 1.31
Ile 0.312 (±0.015) 0.276 (±0.006) 11.53 3.28 2.90 11.58
84 J. Anversa, P. Piquini / Chemical Physics Letters 518 (2011) 81–86respectively. Finally, for the Ile, which is strongly hydrophobic, a
signiﬁcant decrease of 11.58% is observed in the equilibrium dis-
tance when going from the vacuum to the water environment.
The Ile is then closer to the SWCNT surface, penetrating deeper
in the exclusion layer between the SWCNT surface and the ﬁrst sol-
vation layer, i.e., being pushed towards the region where there is
no water. From our limited set of results the relationship between
the variation in the equilibrium distance (in percentage) and the
hydrophobicity index can be approximately ﬁtted by a linear
regression of the data in Figure 3, resulting in:
Ddeqð%Þ ¼ 1:0723 2:1133 h: ð6Þ
As shown in Table 2, the binding energies for all amino acids are
seen to decrease when going from vacuum to the water environ-
ment. The values on this table show that the variations of the bind-
ing energies (in percentage) do not show any simple relationshipwith the hydrophobicity index of the amino acids. On the other
hand, if one looks at the hydration potentials or polarity of the four
amino acids [38], 19.92 for Arg, 5.06 for Ser, 2.39 for Gly, and
2.15 for Ile, it should be expected that the binding energy varia-
tions when going from vacuum to a water environment would
present different behaviours for Gly/Ile as compared to that of
Ser/Arg. Actually, the binding energies variations are seen to be
much greater for Gly/Ile than for Arg/Ser. There is not, however,
a simple relationship between the hydration potential values and
the magnitude of the energy variations. If one would relate the
magnitude of the binding energy variations to the hydration poten-
tial values, it should be expected that the variations in binding en-
ergy for Ser would be intermediate between those for Gly/Ile and
that for Arg. This is, however, not observed. This apparent disagree-
ment can be related to the fact that Arg has an effective positive
charge, while Ser (as Gly and Ile) is neutral.
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Figure 3. Calculated percentage variation in the equilibrium separation distance,
Ddeq (%), between the (8,0) SWCNT and the amino acids as a function of the amino
acids hydrophobicity indexes, h.
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Figure 4. Calculated binding energy curves as a function of the separation distance,
d (Å), between the (8,0) SWCNT and the zwitterionic (zGly) and non-zwitterionic
forms of Gly in water. The white and darker parts in the ﬁgures represent the
exclusion layer and the region occupied by water, respectively. The SWCNT surface
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Figure 5. Charge densities for the SWCNT plus (a) non-zwitterionic Gly and (b)
zwitterionic Gly systems in water, at the equilibrium distances. The water
molecules have been excluded from the unit cell to facilitate the visualization.
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assuming a zwitterionic form depending on the relationship be-
tween the values of pH of the solvent and the pK of amino acid.
It would be interesting to extend our analyses to the inﬂuence of
the water environment in the interaction of zwitterionic amino
acids with a SWCNT. Previous studies [14] have shown, however,
that the zwitterionic form of Gly is unstable in vacuum, with a
C–C bond breaking and the release of a CO2 molecule, which was
veriﬁed in our calculations. This prevented us to apply our ap-
proach of comparisons of the amino acids–SWCNT interactions,
in vacuum and water, to the zwitterionic forms of the aminoacids.
On the other hand, both forms of Gly zwitterionic (zGly) and
non-zwitterionic (Gly) are stable in water. It is then possible to
analyse the variations in bond distances and binding energies of
the interaction of both forms of Gly with the SWCNT in water. Fig-
ure 4 shows the binding energy curves for Gly and zGly as a func-
tion of the separation distance between the N atom in the amine
group and a hollow centre on the SWCNT surface. It is clearly seen
from Figure 4 that zGly form has a higher binding energy with the
SWCNT, with the binding energies being 0.17 eV for Gly and0.28 eV for zGly, corresponding to a signiﬁcant variation of
64.71% in favour of the zwitterionic form. This higher binding
energy for zGly is reﬂected in an increase of the charge density be-
tween the amino acid and the SWCNT, as shown in Figure 5. Look-
ing at the repulsive part of the Gly and zGly curves in Figure 4, it is
seen the increase in energy is more abrupt for zGly. However, this
lead to a slight increase of 0.04 Å in the equilibrium bond dis-
tances, which are determined to be 3.04 Å for Gly and 3.09 Å for
zGly.
4. Conclusions
Molecular dynamics tight binding density functional theory cal-
culations were performed to study the inﬂuence of a water envi-
ronment on the interaction between Gly, Ser, Arg, and Ile amino
acids and a (8,0) SWCNT. Our results show that the variations of
the bond distances between the amino acids and the SWCNT fol-
low a direct relationship with the hydrophobicity indexes of the
amino acids. The hydrophilic amino acids show dislocations to-
wards the solvent region while the hydrophobic is pushed to the
SWCNT surface. Furthermore, the variations in the binding ener-
gies are seen to depend on the hydration potentials of the amino
acids, with the non-polar (polar) amino acids showing greater
(lower) destabilization in water. The zwitterionic form of Gly is
seen to be much more stable than its non-zwitterionic form in
water, with a signiﬁcant increase in binding energy (64.71%) but
a very similar bond distance. These results show that the variations
in the main parameters characterizing the interaction between a
SWCNT and amino acids are not negligible, and suggests that the
results obtained from calculations in vacuum should be taken
carefully.
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